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2ABSTRACT
The first example of reductive cleavage of the carbon-sulfur
bond of thiolato ligands in organonickel complexes by LiAlH4 is
uncovered. Preliminary studies on the mechanism for this reaction have
been carried out by using deuterium labelling experiment and nmr
technique. The nmr spectra indicate the presence of a hydridic species
and such species may play an important role in the reduction. The C-S
bond of the thiolato molybdenum complexes behaves similary but that of
the iron analog does not. The reaction supports the Horner-Doms' model
and may serve as a homogeneous model for the Raney Ni desulfurization.
An electrochemical study on the bridged thiolato nickel complexes has
also been performed and the results suggest that simple electron
transfer process may not lead to the reductive cleavage of the carbon-
sulfur bond.
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1I. INTRODUCTION
Removal of the sulfur content from crude oil, known as
hydrodesulfurization, is an extremely important process in the
petroleum industry.' The common catalyst used in this treatment is
molybdenum sulfide in the presenece of cobalt or nickel compounds as
promoter.l The reaction proceeds under heterogeous conditions and the
mechanism of this process is not clear.1 Presumably some kind of
interaction between the organosulfur moiety and the catalyst may
occur. It is worthy to mention that this process involves a reduction
of the carbon-sulfur bond of organosulfur compounds.
The use of organosulfur compounds in organic systhesis is
well documented.2 In most cases, the sulfur moiety is employed as a
template for the regioselective and sometimes stereoselective
transformation. After such goals have been achieved, the sulfur moiety
is commonly removed by various reducing agents. Raney nickel happens
to be one of the most useful reagents for this purpose.3 The
mechanism of the reaction promoted by this latter reagent is, however,
relatively unexplored. Again, the reaction is a heterogeneous one.
In 1978, Horner and Doms proposed an interesting mechanism
for the Raney nickel desulfurization reaction (Fig. 1).4 They
considered that organosulfur compounds will first form some kind of
complex on the nickel surface. Presumably, the ligation occurs through




Fig. 1 Horner-Doms' model for Raney Ni desulfurization
reaction
3process of the interstitial hydrogen of the nickel reagent leading to
the reduction of the carbon-sulfur bond. However, no direct evidence
is known to strongly support this argument.
One of the useful methods to tackle this kind of problem is
to develop a homogeneous system to simulate the heterogeneous
counterpart.5 There are a number of homogeneous desulfurization
reactions known in the literature. 6-19 It is particularly noteworthy
that complex metal hydrides in the presence of 'transition metal
halides are active reducing agents for the reductive cleavage of the
carbon-sulfur bond. Nickel catalysts have also received much
attention. 18-21
Recently, an equimolar mixture of nickelocene (1) and lithium
aluminum hydride was found to be an effective desulfurization agent
(2) (eq. 1). 20,21 Preliminary examination of this reaction has been
carried out. 20).21 It has been shown that the reagent 2 contains metal
hydridic species and the reaction may involve complex formation. 21






It is known that organosulfur compounds can form different
22-24
types of complexes with transition metals. The organometallic
chemistry of thiolato complexes is well-documented. It is noted that
the carbon-sulfur bonds of thiolato or related ligands in certain
hydrido-osmium clusters, were indeed activated and were cleaved by




Ph-H + H2Os3(CO)9CU3-S) (2)
HOs-(CO) CU-SCHPh)
150°C
PhCH3 + Os3(CO)9(U3-S)2 (3)
HOs~ (CO)-, ~(U-SPh)
hO
Ph-H + Os3(co)9(A13-CO)CU3-S) (4)
More recently, the thiolato ligands in the niobium complex 3
28




70°C, DME KP] DME (5)
Interestingly, no report has appeared in the literature
concerning the reduction of the carbon-sulfur bond in the complexed
thiolatd ligands. It is noted that CpWCSR) (4) afforded Cp2WH(SR)
n 29
upon treatment with two equivalents of LiAlH. The fate of one
29






The nickel complex 6_ has been known for more than two
Hrv n
The chemistry of this substrate has received little attention other
30 31
than a brief study on its electrochemistry. ' This substrate car
easily be prepared from the reaction of nickelocene (1_) and mercaptar
(ea. 6).32




As mentioned above, a mixture of nickelocene (1) and LiAlH,
— 4
20 21
is an effective reducing agent for organosulfur compounds. ' It
would be interesting to see if compound like 6 could also be reduced
by LiAlH. In this case, the sulfur moiety has already formed bonds
with the nickel atoms and, therefore, should be somewhat activated.
%
Furthermore, the complex 6_ exhibits a structural similarity to the
. 4
intermediate first proposed by Horner and Doms (cf. Fig. 1).
Consequently, the substrate 6 may serve an interest model to test
Hnrnpr-DnmQ1 nrnnnsal.
In this thesis, a detailed investigation of the chemistry oi
_6 will be reported. This will include the reduction of the carbon-
sulfur bond in 6' and the electrochemical studies of 6.
: Part of this work has been published as a preliminary communicatio
(Rpf .
II. RESULTS AND DISCUSSION
II.1. Preparation of bridged thiolato nickel complexes
Five thiolato nickel complexes 6a-e were synthesized by the
reaction of mercaptans with nickelocene (1) following the literature
32
method (eq. 6). The results are summarized in Table 1. It can be
seen that different kinds of thiolato complexes were obtained in
Table 1. Yields for the synthesis of complexes 6a-e














satisfactory yields. The structure of these compounds were
unambiguously proved by spectroscopic methods. The presence of the
cyclopentadienyl moiety was evidenced from the absorption at o 4-5 in
the nmr spectra. It is noted that the peaks in the nmr spetra are
somewhat broader than expected. However the chemical shifts for
various protons in these compounds appeared to be in the expected
region for diamagnetic species. Furthermore, compounds 6a_ and 6e have
been analyzed by X-ray crystallography (more later).
Compound 1_ was prepared according to the literature procedure
(pn_).
[CpFe(CO)2]2+ PhCH2S}-,
II.2. X-ray crystallography analysis of compounds 6a and 6e
The X-ray structures of 6a and 6je are shown in Figs. 2 and 3,
respectively. The bond lengths and bond angles are listed in
Appendices I and II, respectively.
Molecule 6a occupies a centrosymmetric site in the unit cell,
and the four-membered planar Ni2S2 ring is nearly square with Ni-S-Ni
and S-Ni-S angles of 89.9° and 90.1°, respectively. The distance








































Fig. 3 X-ray structure for complex 6j2
direct Ni-Ni bond in 6a_. The structure of this compound is very similar
35
to those of related complexes, such as _8_ etc.
The structure of 6e_ is of interest. As expected, the Ni-22
four-membered ring deviates from the planar structure by 45.3°. The
0
Ni-Ni distance in 6e_ was found to be 2.918 A which is slightly shorter
O
than that in 6a (3.097 A). However, it is unlikely to have metal-metal
bonding in 6e_, although the peaks in the nmr spectrum for 6e were even
broader than those for 6a (Fig. 4 and 5).
The structures for 6Tb, c_, d_ would be expected to be simila:
to that for 6a.
A comparason of the carbon-sulfur bond lengths of 6a and 6e
with those of certain organosulfur compounds is tabulated in Table 2.
It can be seen that the carbon-sulfur bonds in the complexes are
indeed longer than those in the free sulfur ligands. This observation
implies that the carbon-sulfur bond would be weakened upon
C nnrn 1 ov «a f 1 rr
12
7 6 5 4 3 2 1 0 ppm
Fig. 4 1H-nmr spectrum for 6b in CDC13
13
4 35 26 17 0 ppm
Fig. 5. 1H-nmr spectrum for complex 6e in CDC13
Table 2 C-S bond lengths for 6a, 6e, 7 and
organosulfur compounds





















11.3. Reductive cleavage of the carbon-sulfur bond in bridged thiolato
complexes
In a typical procedure, the complex was treated with two
eqivalents of lithium aluminum hydride in diethyl ether or THF. The
corresponding reduced product was obtained (eq. 8). The results are
summerized in Table 3.
[CpNi(U-SR)]2+ LiAlH4 - RH (8)
As can be seen from Table 3, the aryl, benzylic as well as
simple aliphatic carbon-sulfur bonds in these substrates were readily
reduced under the reaction conditions. There was no apparent
difference in reactivity among these substrates. The yields of these
reactions, however, could be higher as revealed in the nmr experiment
which will be described later.
As described in the previous section, the carbon-sulfur bonds
in 6a-e are indeed activated and can easily be reduced with LiAlH4. It
is important to know the origin of the hydrogen source. Deuterium
labelling experiment was hence carried out. When lithium aluminum
deuteride was used in this reaction, toluene-o(-dl was isolated in 60
% yield (eq. 9).
Table 3, Yields for the desulfurization of complexes 6a-e














[CpNi(U-SCH0Ph)]0 LiAlD, PhCH2D (9)
Based on nmr and mass spectral data, more than 90 7 of deuteride was
2
incorporated in this product. The H-nmr of the reaction mixture is
2
shown in Fig. 6. As can be seen from the H-nmr spectrum, PhCHD was
the sole deuterated product in this reaction. Consequently, the
reducing agent is responsible for the conversion of the C-S bond to
the C-H bond. It is known that organonickel reagents can reduce
20 21
mercaptans to the corresponding hydrocarbons. ' It would also be
interesting to investigate if the organosulfur moiety remains bonded
to the nickel atoms in 6a-e during the course of reduction.
Accordingly, the following experiment has been carried out. 2-
Naphthylmethanethiol (9) was mixed with 6b and LiAlH. The mixture was
allowed to react as usual (eq. 10). After work-up, 9 was recovered in
essentially quantitative yield and the yield of toluene was 60 7o. This
result clearly demonstrates that only the C-S bond of the complexed
thiolato ligand was reduced and no exchange between organosulfur
ligands occurred during the course of the reaction. It can also rule












48 6 2 0 PPM
Fig. 6 2H-nmr spectrum for the reaction of 6b with LiAlH4 in THE
out the possibility that the bridged thiolato ligand in 6b is firstly
liberated and then reduced by a nickel hydride species. Furthermore,
these observations suggest that the reaction may not involve a free
r1 infprmpdi aiP
It is also worthy to mention that the complex 6 is very
stable toward sodium borohydride, hydrogenation and photolysis. In all
these experiments, the starting material was recovered in more than 95
% after work-up.
Having studied the reduction of the carbon-sulfur bond in the%•
bridged thiolato nickel complexes, it is intriguing to investigate
similar reaction of the other bridged thiolato transition metal
comDlexes.
Molybdenum-sulfur complexes having a cubane-like skeleton
40
have received considerable attention. Most of these studies involve
10 11
spectroscopic investigations as well as modelling studies on nitrogen
fixation. These compounds contain both terminal and bridged thiolato
ligands and, hence, can serve as a useful model in the desulfurization
20
reaction. Thus, the reactions of thiolato molybdenum-iron complexes
10a-c and the thiolato molybdenum complex 11 with lithium aluminum
hydride led to the reductive cleavage of carbon-sulfur bonds (eqs.
11-12). The substrates 10a-c and 11 are not very soluble in THF. The
10 12 LIA1H4 PhCHIA (11).
11 7 LiA1H4 PhCH3 (12)
overall conversion in these reactions were only ca. 20-30 70, and the
yields summerized in Table 4 were based on unrecovered starting
material. Although the steric environments in ortho-, meta-, and para-
methyl substituted substrates 10a-c are quite different, the yields of
toluene were comparable.
The bridged thiolato iron complex 7 was synthesized and
allowed to react with lithium aluminum hydride (eq. 13).
Interestingly, the, result was different from those described above.
The .carbon-sulfur bond cleavage was not observed for this particular
complex. Ferrocene, 12, dibenzyl disulfide, 13, and
cyclopentadienyldicarbonyliron dimer, 14,
Table 4 Yields for the desulfurization of 10 and
11 with LiAlH,— 4
Substrate Yield
were isolated instead. In addition, a purple band was obtained from
the chromatograph of the reaction mixture using n-hexane as eluent.




• [CpFe(CO)2]2 (20 7c) (13)
14
7
After evaporation of the solvent, the residue was extremely unstable
even under nitrogen atmosphere and decomposed readily to give a yellow
residue. TLC analysis of this residue suggests the presence of 13 (ca.
10 %).
Although the C-S bond in 1_ is longer than those in uncomplex
organosulfur compounds (cf. Table 2), the fact that no reduction
occurred is somewhat striking. The mechanism for the formation of the
products shown in eq. 11 is not clear. However, it is noteworthy that
32
_7 can be prepared from L3 and 14.
It can be seen in our studies that nickel and molybdenum
thiolato complexes readily reacted with lithium aluminum hydride to
afford the corresponding desulfurization product. In contrast, iron
thiolato complex 1_ did not undergo the desulfurization reaction. It is
known that nickel and molybdenum are widely used as heterogeneous
hydrodesulfurization catalyst in industry.'' Iron itself has little
effect on desulfurization.1 Accordingly, it is not surprising that the
23
carbon-sulfur bonds in thiolato complexes of nickel and of molybdenum
were readily reduced by complex metal hydride while iron compounds
behaved differently.
1H-nmr study of reaction of 6b with LiA1H4
As described in the previous section, the carbon-sulfur bonds
of thiolato ligand in nickel and molybdenum complexes are readily
reduced by LiA1H4. It would be interesting to investigate the possible
mechanism of the reaction.
Substrates 6b showed characteristic absorptions in the nmr
spectrum (Fig. 4) and its reaction would be suitable to be followed
by nmr spectroscopy.
It was found that the reaction of 6b with LiA1H4 proceeded
rapidly and was completed in 2 h at room temperature. Therefore, the
nmr operation was conducted at a temperature of -10°C. The nmr
spectrum of LiA1H4 in THF-d 8 was also measured for reference (Fig.
7). It is noted the protons in LiA1H4 absorb at d 1.83 as a sextet
(JA1-H= 167 Hz). As shown in Fig. 8a, lithium aluminum hydride was
instantaneously consumed upon treatment with one half equivalent of 6b
in THF-d 8 and a new broad singlet at ca. d-7 was observed. This broad.
singlet disappeared when lithium aluminum deuteride was employed. It
is known that transition metal compounds can form stable complexes
with aluminum hydride.41 The nmr signals of these metal hydrides
24
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usually appear in the high field as broad peak(s). The chemical shift
for a terminal transition metal hydride emerges at ca. -3 and for a
bridged hydride between transition metal and aluminum moiety exhibits
further upfield.41 Consequently, it is reasonable to suggest that the
absorption at -7 be due to some analogous hydride. This signal
disappeared very rapidly as the reaction prolonged. As can be seen
from Fig. 8, the signal. due to the absorption of cyclopentadienyl
ligand moved gradually from d4.50 to 15.80. It is also noted that a
broad signal at 5.0 appeared at the beginning of the reaction (cf.
Fig. 8b-d) and gradually disappeared to give a singlet at o 5.80 (cf.
Fig. 8e-f). Presumably, the transient species which exhibited
absorption at ca. 5.0 could be 3- or 1- cyclopentadienyl
moieties. 42
As described earlier, the X-ray structure of 6a showed that
the Ni2S2 ring is planar and the steric environment around the nickel
atom is quite spacious. In other words, there is enough room for
other species to attack the nickel atom. However, it is noted that the
metal centers in 6a-e are coordinatively saturated. The fluxional
behavior of the cyclopentadienyl ligand is well-documented.42
Consequently, 3- 5 rearrangement may occur to accommodate additional
coordination.
Our nmr evidence showed that a metal hydride was formed
during the course of the reaction. This hydridic species may arise
from the attack of an aluminum hydride on the nickel moiety in 6b.
Before such a step could proceed, the rearrangement of the
27
cyclopentadienyl ligand may occur to vacate the coordination site.
As the reaction prolonged, the cyclopentadienyl moiety again
turned into 5 coordinated. However, the rate of such a change seems
to be faster than the rate of formation of toluene as revealed in Fig.
8.
Attempts to isolate and characterize the metallic and/or
sulfur products from these reactions have been made. After removal of
solvent and other volatile materials (e.g. product of the reaction),
the residue seemed to decompose readily. In other words, it was not
possible to redissolve this residue into THF. It is noteworthy that
the nmr spectrum of the reaction mixture upon 'completion of the
reaction appeared to be very simple as shown in Fig. 8f. Accordingly,
this initially formed product may be only stable in solution and
extremely reactive in solid form.
Determination of the nickel content of the decomposed solid
was performed and the results are described in detail in the
Experimental Section. The nickel content of this residue was 34%
while the expected nickel content for NiS is 65%. This means that
the solid is not purely nickel sulfide. It was found that one
equivalent of 6b reacted with two equivalents of LiA1H4 to form the
reduced hydrocarbon with the generation of one equivalent of hydrogen
gas at the same time (eq. 14). Stochiometrically, a formula of
(LiA1H2NiSCp)2 may be proposed. The nickel content calculated with
this formula is 32%, which is close to our experimental value.
(CpNiSR)2 + 2 LiAlH4 2RH + H2 + (LiAlH2NiSCp)2 (14)
In another experiment, when H2S gas was bubbled into a
solution of nickelocene (3) , two kinds of -cyclopentadienyl signals
located at f 6.4 and cf6.6 were observed in the nmr spectrum (Fig.
9). It was different from our nmr result of the reaction of 6b and
LiAlH where only one cyclopentadienyl signal was observed at f 5.8.
This experiment rules out the possibility that the desulfurized
%
product is [CpNiOU-SH). Attempts to precipitate the reaction mixture
with tetrabutylammonium bromide were unsucessful. Triphenylphosphine
reacted smoothly with nickel sulfide at room temperature to form
triphenylphosphine sulfide in 73 7o yield (eq. 15).
ph3p
NiS -
Ph3P=S (73 %) (15)
In a similar experiment, a mixture of triphenylphosphine, 6b
and lithium aluminum hydride was stirred overnight as usual (eq. 16).0
After work-up, in addition to toluene and dibenzyl disulfide,
triphenylphosphine sulfide was isolated in only 13 %. It is also
noteworthy that triphenylphosphine did not react with 61d in the
The nature of this reaction product is not clear.
29
24 36 5 1 07
Fig. 9. 1H-nmrspectrum for the reaction mixture of nickelocene
and H2S in benzene-d6.
absence of LiAlH,
4
Consequently, the initial sulfur product of the reaction
would not be free nickel sulfide.
Although the actual mode of the reduction of 6a-e is hot well
understood at this moment, the nature of the reaction is very
interesting. First of all, nickel hydride may be formed during the
course of reaction. It is believed that this hydride species is
responsible for the reduction of the carbon-sulfur bond in 6a-e.
Recently, Yamamoto and his co-workers discovered that C-S bond
reduction may occur upon thermolysis of 15_ (eq. 17). These results
are compatible to the observation described above.
31
As depicted in the introduction section, the Horner and Doms'
model suggested that interstitial hydrogen is responsible for the
cleavage of the complexed carbon-sulfur bond. It is noted that
interstitial hydrogen may have some interaction with the metal and
hence it can be considered as some kind of metal hydride. In this
study, metal hydride indeed plays an important role in the process of
carbon-sulfur bond reductive cleavage. Hence, substrate 6 can serve a
useful model for understanding the mechanism of desulfurization
reaction with Raney nickel.
11.4. Electrochemical study of complexes 6a-e
Electrochemical oxidation of certain nickel thiolato
complexes such as 6a and 6b as well as 6c has been reported. The
results were reproduced in this study by using different reference
electrodes and solvents. In addition, other substrates used in the
desulfurization reaction were also employed for the electrochemical
studies. The cyclic voltammagrams for 6b is shown in Fig. 10 and the
potentials for the processes are outlined in Table 5. It is noted that
the first oxidation processes (ca. -0.3 volt) are reversible and the
second oxidation processes (ca. 0.5 volt) are irreversible. It was
reported that oxidation of these neutral complexes may firstly





5x104M (jCpNiCU-SCH-Ph)! in CH-CN (0.1M TBAP)
Working electrode: Glassy carbon
Reference electrode: AgAgNO, (O.lN AgNO- in CH CN
3 3
Counter electrode: Pt
Fig. 10. CV diagram for the irreversible oxidation process of 6b
Table 5. Half-wave potentials for the redox processes of 6 and 7















































A Ejl for Ag'AgNO, electrode and S. C.E. is 0.337 V.2 3
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On the other hand, when a reduction potential was first
applied to the nickel substrates 6a-e in CH3CN, another reversible.
couple was found at ca. -1.6 volt (against Ag/AgN03) (Fig. 11).
Individual runs showed that all the electron transfer processes were
indeed reversible (Fig. 12-16) and each process involved one electron
transfer with the peak to peak separation current approaching the
theoretical limit of 60 mv.44 Furthermore, rotating disc electrolysis
at -2.0 volt confirmed that this couple is also a one-electron redox
process. The complex may accept one electron to yield a radical anion
18. The half wave potentials of reduction of 6a-e are also outlined in
Table 5. It is noted that E. varied with the nature of thiolato group.2
The ease of reduction was in the order of 2-naphthyl phenyl benzyl
n-decyl o-xylyl. Since the reduction couple is reversible, it
seems that no cleavage of the C-S bond would occur. The fact that
reduction of, o-xylyl substituted species is harder than the benzyl
substituted species may arise from the butterfly structure of the
former complex. Consequently, the possible pathway for the whole redox
process of 6 is shown in Scheme I.
It is worthy to mention that the chemical reduction of
substrate 6b with sodium amalgam may afford the corresponding radical
anion 18. Such radical anion would be very reactive that re-oxidation
of this species by air would occur and the starting material was
eventually recovered after work-up.
Electrochemical oxidation of the iron analog has also been
28
studied by McCleverty and his co-worker. However, a study on this
* This work was done by Dr. C.-M. Che to whom thanks are due.
where R = PhCl
Working electrode: Glassy carbon
Reference electrode: AgAgNC
Counter electrode: Pt
Fig. 11. CV diagram for the reversible redox couples
of 6b
Fig. 12. CV diagram for the reversible reduction process
of 6a
Fig. 13. CV diagram for the reversible reduction process
of 6b
Fig. 14. CV diagram for the reversible reduction process of 6c
%Fig. 15. CV diagram for the reversible reduction process
of 6d« -
Fig. 16. CV diagram for the reversible reduction process
of 6e
Scheme I. Possible pathway for the electrochemical redox proces-
of complex 6
42
particular substrate 7 was not reported .
Oxidation of the iron complex showed two reversible process
at 0 . 18 volt and ca . - 0 . 3 volt ( againstAg / Ag NO 3 ) . The potentialof
the first couple ( ca . 0 . 18 volt ) is more negativethan its nickel
analog and presumably reflects the difference in electronic and
molecular structure of these two kind of complexes. It was noted that
the oxidation of the neutral iron complex may form the corresponding
cation radical and dication . However , no reduction process was
observedeven when the potentialwas applied up to - 1 . 8 volt ( against
Ag / Ag NO 3 ) . The result is consistentwith the literaturevalue . 28
43
III . CONCLUSION
In summary , the first example of the reduction of thiolato
ligands in organonickelomplexesby Li A 1 H 4 is uncovered. The model
suggests that the carbon - sulfur bond ' is indeed activated by
complexation with nickel or molybdenum and subsequent hydride transfer
affords the correspondingreduced hydrocarbon . The hydridic species
may play an important role in the reduction . Simple electron transfer
process as discerned in the electrochemicalstudy will not lead to the
reductive cleavage of the carbon - sulfur bond . The model supports the
Horner and Doms ' mechanismfor Raney nickel desulfurization. On the
other hand , the iron complex behaves differently . Our reaction may
serve as a model for understandingthe mechanism of Raney nickel
desulfurization.
IV. EXPERIMENTAL
All NMR spectra were recorded on JEOL PMX-60 and BRUKER WM-
250 spectrometers using tetramethylsilane (TMS) as the internal
standard. Chemical shifts are reported in scale. IR spectra were
measured on a PERKIN-ELMER 283 spectrophotometer, mass spectra on a VG
7070G mass spectrometer and gas chromatography on a HP-700 gas
chromatograph. Melting point measurements were uncorrected.
Tetrahydrofuran (THF) was dried with sodium-potassium alloy,
benzophenone and distilled before use. The other solvents were
45
purified according to the literature procedure. All reactions were
4-6
carried out by using standard inert gas atmosphere technique. The
electrochemical measurements were performed with a Princeton Applied
Research (PARC) Model 173 potentiostat, a PARC Model 175 universal
programmer and a PARC Model 179 digital coulometer. The recorder was a




To a solution of nickelocene + mmole) in benzent
mL) was added thiopheno] '4 mmole). The mixture was
stirred at room temperature overnight. Solvent was removed in vacuo
and the residue was recrystallized from diethyl ether to afford a
black crystalline soli
Preparation of
By using the same procedure described for 6a_, a mixture of
n i r c p 1 or on o
mmole) in benzene (80 mL) and benzyl
mprcantan mmole) afforded the desired product 6b.
Preparation of
According to the procedure described for the preparation of
a mixture of nickelnrene mmole) and 2-naphthalene
+•V-1 r 1
mmole) was converted to the desired complex 6c_ as
a black crystalline solid
Preparation of fCoN:
Following the same procedure for the synthesis of 6a
nickelocene mmole) and n-decanethiol
mmole) in benzene mL) were transformed into the dimeric complex
6d as a black crystalline solid m• p ® H-nm]
( CDC
Prp.naration of o-xvlana di thiol 1 c
A mixture of o-xylene dibromide mole) and
thioures ) mole) in ethanol ) mL) and water (5 mL) was
heated under reflux for 6 h. After cooling to room temperature, 10 L
NaOH solution (100 mL) was added and the mixture was again heated
under reflux for 2 h. The solution was acidified with 20 7o sulfuric
acid to pH = 1-2 and extracted with ether. The organic solution was
dried over anhydrous magnesium sulfate, filtered and the filtrate was
evaporated in vacuo to give the residue which recrystallized from
ethanol to give pure 19_ as white solid
PrpnaraH nn nf fP.-nKli (iL — QCM
By employing the same method for the synthesis of 6a
nickelocene 3 mmole) and 1 mmole) in benzene
mL) were converted to the complex 6e_ as a black crystalline solid
PrpnaraH nn nf f n-nFn f f.f
mmole) anc mmole) were mixed in
mL flask, to which methylcyclohexane ) mL) was added. The
mixture was then heated under reflux for 20 h. After the solvent was
removed in vacuo, the residue was seperated by chromatography on ai
0
alumina column using benzene as eluent. The first dark green portioi
was collected and recrystallized from CHChexane to give a darl
areen crystalline solii
(~1 s r~ -r~ o 1 -f- Ani1 -Piirn Tofn nn t.t t t~ V~ T i A 1 ]4
To a 100 mL schlenk tube, an equal molar mixture of the
substrate and LiAlH in diethyl ether or THF was stirred at room
temperature overnight and then quenched with water. After filtration,
the solution was extracted with ether and the ethereal solution was
dried over anhydrous magnesium sulfate, filtered and the filtrate was
carefully evaporated at atmospheric presure. The residue was subjected
to analysis. The volatile desulfurization product was analyzed by gas
chromatography which was equipped with an OV-17 column and the yield
was calculated bv usine calibration curve method.
Desulfurization of with LiAl
According to the general procedure,
and LiAl i mmole) were mixed in diethyl ethei
The reaction mixture was stirred at room temperature overnight
followed by quenching with water. After filtration, the organic layei
was separated and the water layer was extracted with diethyl ethei
several times. The combined organic portions were dried over anhydrous
magnesium sulfate and filtered. The filtrate was carefully distille
to remove the solvent. Distillation was stopped until ca. 0.5 mL o:
the filtrate remained in the flask. This concentrated solution wa:
analyzed by gas chromatography, and the yield of benzene is 41 %.
In an another run with identical reaction conditons, dipheny
disulfid , was isolate
from the residue by preparative TLC using n-hexane as eluent
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Desulfurization of [CpNi( -SCH2CbH5)]2i 6b, with LiA1H,
According to the general procedure, a mixture of 6b (220 mg,
0.44 mmole) and LiA1H4 (34 mg, 0.9 mmole) in diethyl ether (15 mL)
was stirred at room temperature overnight. The reaction was quenched
with water and the mixture was filtered through celite. The organic
layer was separated and the water layer was extracted with diethyl
ether. The combined organic solution was dried over anhydrous
magnesium sulfate. After filtration, careful distillation was
performed to remove the solvent until ca. 0.5 mL of the solution
remained in the flask. Such solution was subjected to gas
chromatography analysis and the yield of toluene was 50%. In
addition, 13 (5 mg, 5%), m.p. 65-66°C (lit.50 71-72°C), was isolated
from another identical run.
Desulfurization of [CpNiOA-SC 10H7)]2. 6c, with LiAlH4
According to the general procedure, 6c (200 mg, 0.35 mmole)
and LiA1H4 (27 mg, 0.7 mmole) were mixed to which THE (20 mL) was
added. The reaction mixture was stirred at room temperature overnight
and then quenched with water. The solution was filtered and the
filtrate was extracted with diethyl ether. The organic solution was
dried over anhydrous magnesium sulfate, filtered and the filtrate was
evaperated in vacuo to give a white solid. Recrystallization of this
solid from n-hexane afforded naphthlene (179 mg, 80%), m.p. 80-
81°C (lit.51 80.5°C), which showed identical spectroscopic properties
with the authentic sample.
49
Desulfurization of [CpNi(A-SC10H21)]2i 6d, with LiAlH4 .
According to the general procedure, 6d (250 mg, 0.42 mmole)
and LiAlH4 (32 mg, 0.84 mmole) were mixed in THE (20 mL). The
reaction mixture was stirred at room temperature overnight and -water
was employed to quench the reaction. Insoluble residue was removed by
filtration and diethyl ether was used for extraction. The organic
solution was dried over anhydrous magnesium sulfate. Simple
distillation was then performed to remove excess. solvent. The
concentrated solution was analyzed by gas chromatogaphy and the yield
of n-decane was 80%.
Desulfurization of [CpNi(til-SCH2) ]2Ph7 6e, with LiA1H4 _
According to the general procedure, 6e (200 mg, 0.51 mmole)
and LiA1H4 (39 mg, 1.02 mmole) were mixed to which THE (25 mL) was
added. The reaction mixture was stirred at room temperature overnight
and then quenched with water. After filtration, the filtrate was
extracted with diethyl ether and the extractant was dried over
anhydrous magnesium sulfate. Excess solvent was removed by careful
distillation and the concentrated solution was analyzed by gas
chromatography. The yield of o-xylene was 58%.
Reaction of [CpFe(CO)(A4-SCH2Ph)]2i 7, with LiA1H
According to the general procedure, 7 (250 mg, 0.46 mmole)
and LiA1H4 (35 mg, 0.92 mmole) were mixed in THE (30' mL). The
reaction mixture was stirred at room temperature overnight and then
quenched with water. Insoluble particle was removed by filtration and
the filtrate was extracted with ether. The extractant was dried over
anhydrous magnesium sulfate and filtered. The solution was carefully
distilled to remove solvent until ca. 0.5 mL of the solution remained
in the flask. The concentrated solution was analyzed by gas
chromatography but no toluene was detected. The solvent was then
removed in vacuo and the residue was separated by chromatography on
silica gel using n-hexane as eluent to give
I and
an unidentified violet compound which readily decomposed in the air.
Analysis of the decomposed product by thin layer chromatography gave
additional
Dp qii 1 Put i 7 a t 1 nn o-f , with LiAlH
According to the gerneral Drocedure
mm on T 1 A 1 I
5 mmole) were mixed in THF (20 mL). Th(
reaction mixture was then stirred at room temperature for 3 days.
Water was used to stop the reaction and the black solution was
filtered. Unreacted starting materia was recovered b}
dissolving the residue in acetonitrile. The filtrate was extracte
with ether and the extractant was dried over anhydrous magnesiui
sulfate. After filtration, careful distillation reduced the volume o;
the solution to ca. 0.5 mL which was then analyzed by ga
chromatography. Toluene was detected with reference to the authenti
sample and the yield based on unrecovered starting material was 61 %.
Tocnl fnYi r7ra,t~i o-n •£ with LiAlH
Following the same procedure for desulfurization of 10a, 10b
mmnl d ) rm H 7. l All mmole) were mixed in THF
of starting material was recovered after work-up
and the yield of toluene based on unrecovered starting material was 62
Desulfurization of with LiAll
By employing the same procedure for desulfurization o:
3 mmole) and LiAll mmole) were mixed it
TUT? ) tttT. ) . Af tpr unrV-nn L TTK
of starting material was
recovered. The yield of toluene based on unrecovered starting material
t»T Q e? f! °!
Hncii I fiivn r t-» r 7
11, with LiAll
According to the gerneral procedure, a mixture of 11 (100 mg
0.08 mmole) and T,i AT S mmole) in TH ) mL) was stirrec
at room temperature for 3 days. The reaction was quenched with water.
After filtration, diethyl ether was used for extraction and the
organic solution was dried over anhydrous magnesium sulfate and
filtered. The solution was carefully distilled to reduce the volume of
the solution and the residue was then analyzed by gas chromatography.
The yield of the desulfurization product, toluene, was 35 %.
Low temperature H-nmr study of reaction of [CpNi
t.T-; T ; A l u •; r, tut? a
mmole) and LiAlI mg mmole) was
mixed in an nmr tube to which THF-d mL) was added. The nmr
tube was immersed in a liquid nitrogen dewar and sealed under nitrogen
atmosphere. The sample was gradually warmed to -10°C and subjected to
nmr analysis.
2
H-nmr study of reaction of fCnNiCAt-SCl . with LiAlI
%•
In a similar manner described above, a mixture of 61d (30 mg
mmole). LiAlI mmole) in THF (c; ) mL) containing
as internal reference in an nmr tube was frozen in a liquid
nitrogen bath. The tube was then sealed under nitrogen atmosphere and
was allowed to warm to room temperature and stand overnight. The
2
mixture was then analyzed bv H-nmr SDectrometer (see Fie. 6
PoarH An r F f P.rvN with LiAl]
A mixture of 6b (150 me. 0.3 mmnlp) and T.i All
mmole) in TH ' mL) was stirred at room temperature overnight and
the reaction mixture was worked up according to the general procedur
to oivp mnnn-Hpntprflfpfl fnl tti p Q3.
Reaction of [CpNi(M-SCH0Ph)]n, 6b, with sodium borohydride
A mixture of 6b (150 mg, 0.3 mmole) and NaE
mmole) in diethyl ether (15 mL) was allowed to react according to th
general procedure. After work-up, the starting materia
• was recovered in addition t
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UV irradiation of [(CpNiOl-SCH2Ph)]2_ 6b
6b (250 mg, 0.51 mmole) was dissolved in diethyl ether (100
mL) and then irradiated by a broad band UV lamp (150 W) for 16 hours.
No reaction was found and the starting material 6b (238 mg, 95-7.) was
recovered.
Reaction of nickelocene (1) with H2S
To a solution of 1 (30 mg, 0.16 mmole) in benzene-d6 (ca. 1
mL), excess H2S gas was bubbled in until the color of the solution
became dark brown. The mixture was then subjected to analyze by 1H-nmr
spectroscopy (see Fig. 9). The product was extremely unstable and
attempt to isolate it in solid form was unsuccessful.
High presure hydrogenation of [CpNi(A-SCH2Ph)]2 6b, in THE solution
6b (250 mg, 0.51 mmole) was dissolved in THE (100 mL) in a
teflon container which was placed in an autoclave. Then, 35 atm of
hydrogen was charged from the cylinder and the mixture was stirred at
room temperature for 4 h. The hydrogen gas was released and the
starting material 6b (240 mg, 95%), m.p. 154-155°C (lit.32 155-
157°C), was recovered after work-up.
Determination of nickel content of the insoluble residue of the
reaction of [CpNi(,Q-SCH2Ph)]2i 6b, with LiA1H,_54
The insoluble residue from the desulfurization reaction of 6b
was vacuum dried and ca. 50 mg of the black solid was accurately
weighed. The sample was digested in nitric acid (ca. 2mL) and
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hydrochloric acid (ca. 3mL). After the sample was dissolved, some
yellow insoluble matter was filtered. The filtrate was diluted to ca.
200 mL with distilled water. Then the solution was heated to 60-80°C
and the dimethylglyoxime reagent 20 (1% in ethanol, 30 mL) was added
followed by dropwise addition, with stirring, of a dilute solution of
ammonia (1:4) until precipitate occured and the solution was slight
ammoniacal. The precipitate was allowed to settle and complete
precipitation was tested by adding more reagent 20. The solution was
digested for 1 h and then cooled to room temperature for an additional
1 h. Red precipitate was filtered through a weighed no. 4 sinter glass
crucible and washed with distilled water until free from chloride. The
crucible was then dried at 110-120°C in an oven until constant weight
and the crucible was cooled to room temperature in a desicator.
Content -of nickel in the sample was calculated according to the
formula.
Ni%= weight of ppt x 20.313/ weight of sample
I Run Wt. of sample Ni%Wt. of ppt
1 50.00 mg 83.0 mg 33.8
2 50.00 mg 83.9 mg 34.1
3 50.00 mg 84.7 mg 34.4
Reaction of [CpNi(U-SCH0Ph)]0, 6b, with sodium amalgam
Sodium amalgam which was prepared from sodium
mmole) and mercury was mixed with complex
mmole) in THF mL). The mixture was stirred at room temperature
overnight; solvent was then removed in vacuo and the solid was
chromatographed on a silica gel column using n-hexane as eluent. The
starting material 6]d was obtained
in addition to a small amount of dibenzyl
disulfide
Reaction of Ph.? with NiS
A mixture of Ph mmole) and NiS
mmole) in THF mL) was stirred at room temperature overnight
Solvent was then removed in vacuo and the residue was chromatographed
on a silica gel column using n-hexaneethyl acetate (10:1) as eluent
Reaction of Ph_P with and LiAlP
A m 1 vfnrp
mmole) and LiAll
mmole) in THI mL) was allowed to react according to genera!
procedure for 3 h. To this mixture PI mmole) was addec
and the solution was stirred overnight. Solvent was removed in vacu
and the residue was chromatographed on a silica gel column using n-




A three-electrode configuration was used in a divided
electrochemical cell of ca. 10 mL capacity. A glassy carbon electrode-
(area ca. 0.04 cm2) and platinum foil (area ca. 0.03 cm2) were used as
working and counter electrodes, respectively. The counter electrode
was separated from the working electrode compartment by a sinter glass
frit. An Ag/AgNO3 (0.1 N AgNO3 in CH3CN) electrode was used as the
reference electrode. Ferrocene was used as internal standard and
tetra-n-butylammonium perchlorate .(0.1 M) was used as the supporting
electrolyte, and the cell was deaerated using purified nitrogen.
General procedure for cyclic voltammetry experiments
The complex was dissolved in CH3CN (0.1 M TBAP) in a 10 mL
volumetric flask to form a 5x10 4 M solution. The solution was added
into the electrochemical cell and deaerated with nitrogen gas for 5
minutes. Then, potential was applied to the solution and cyclic
voltammetry diagram was recorded. Ferrocene was then added to the
solution as an internal standard to calibrate the potential at the end
of each experiment.
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VI. APPENDICES













































































































































APPENDICES II.2 Bond angles (Deg.) for 6e
Ni(2)-Ni(l)-S(l)
C(2)-C(l)-C(5)
C(2)-C(3)-C(4)
C(l)-C(5)-C(4)
C(6)-C(7)-C(8)
C(8)-C(9)-C(10)
S(l)-C(ll)-C(12)
C(ll)-C(12)-C(17)
C(12)-C(13)-C(14)
C(14)-C(15)-C(16)
C(12)-C(17)-C(16)
C(16)-C(17)-C(18)
48.2(1)
108.0(6)
109.1(7)
107.4(7)
105.8(6)
108.1(6)
114.4(4)
120.8(5)
122.1(7)
119.2(6)
118.5(6)
119.8(6)
S(l)-Ni(l)-S(2)
C(l)-C(2)-C(3)
C(3)-C(4)-C(5)
C(7)-C(6)-C(10)
C(7)-C(8)-C(9)
C(6)-C(10)-C(9)
C(ll)-C(12)-C(13)
C(13)-C(12)-C(17)
C(13)-C(14)-C(15)
C(15)-C(16)-C(17)
C(12)-C(17)-C(18)
S(2)-C(18)-C(17)
87.6(1)
107.0(7)
108.2(7)
108.6(6)
109.2(6)
107.8(6)
120.5(6)
118.7(5)
119.6(7)
121.9(6)
121.6(5)
115.9(4)



